By assessing the cerebral blood volume and the hemoglobin oxygen saturation level, near-infrared spectroscopy (NIRS) probes brain oxygenation, which reflects cerebral activity. To develop a noninvasive method monitoring the brain of a songbird, we use an original NIRS device, i.e., a white laser coupled with an ultrafast spectrotemporal detector of optical signals without wavelength scanning. We perform in vivo measurements of the absorption coefficient and the reduced scattering coefficient of the caudal nidopallium area of the head of a songbird (the zebra finch).
Introduction
Monitoring brain activity is crucial to understanding cerebral processing of sensory stimulations. For this purpose, experimental devices have been developed for animal models, and the success of these investigations relies on the adequacy of several complementary apparatuses used with a biological model. Songbirds are the models of choice for the study of vocal communication and sound processing. 1,2 The brain structures that enable the songbirds to produce and to perceive vocal sounds 1, 3 have been well studied. Three main approaches are employed to explore the neurophysiological mechanisms of sound perception in songbirds. First, postmortem immunocytochemical studies that follow the sound-induced expression of immediate early genes, such as zenk, contribute to the identification of anatomically welldefined activated areas 3, 4 but require the sacrifice of birds. Second, in vivo electrophysiological investigations allow real-time recordings of the activity of a few neurons to be made but need surgically prepared birds. 5, 6 Third, magnetic resonance imaging (MRI) of anesthetized birds reveals functional properties of some brain vocal regions 7 and provides noninvasive high-resolution images, but it remains difficult to interpret MRI results quantitatively in terms of parameters that express neuronal activity such as cerebral blood flow, cerebral blood volume (CBV), or the hemoglobin oxygen saturation level ͑HbO 2 ͒͑͞HB total ͒, S t O 2 . Thus there is a need for a neuromethod for the quantification of direct indices of the brain activity of songbirds in a real-time and noninvasive manner.
By direct measurements of endogenous chromophores such as hemoglobins, 8, 9 near-infrared spectroscopy (NIRS) is known potentially to permit the noninvasive monitoring of brain oxygenation that is assumed to reflect neuronal activity. For this reason, NIRS has been widely used since the pioneering work of Jöbsis 10 to study brain oxygenation. Several studies have performed optical probing of small-animal brain oxygenation, 9, 11 and NIRS has now begun to be employed complementarily with MRI. 12 The spectroscopy of cerebral tissues through intact skull and skin is possible owing to the weak absorption of biological tissues in the visible-near-infrared spectral window. During its propagation, the light's intensity decreases according to the concentration of the absorbing chromophores. As a consequence, the information about oxygenation is likely to be deduced from the measurement of light absorption. The drawback is that tissues are highly scattering media because of the presence of a great variety of intracellular organels of different sizes, such as mitochondria and cell nuclei. 13, 14 Besides absorption by the chromophores, scattering is another important source of light decrease, which makes the absorption measurement rather complicated. For the quantitative measurement of absorption into scattering media, three optical analyses have been tried 15 : steady-state, frequency-domain, and time-domain NIRS. The optical systems for these measurements are often complex, as are the algorithms for the inverse mathematical problem of recovering the absorption and scattering coefficients of tissues. Moreover, depending on the number of chromophores to be measured, optical measurements are performed with one, two, or several wavelengths. 16 -18 For 15 years, many designs and processing algorithms have been developed to measure brain oxygenation but have with difficulty succeeded in measuring the in vivo absolute concentrations of chromophores. 12, 19, 20 The limitations are due, first, to tissues' spatial heterogeneity, which is linked to the complex layered structure of the head, including scalp, skull, cerebrospinal fluid, and brain, and, second, to tissues' molecular heterogeneity, explained by the presence of various chromophores such as different forms of hemoglobins, lipids, and water. Recently some authors succeeded in determining human brain optical coefficients. 18 By using a two-layered model that includes scalp and skull built on MRI images of the same human head, their twowavelength approach allowed them to estimate the oxygenation of tissues. In numerous clinical works efforts were made to develop NIRS methods to permit the absolute quantification of brain optical coefficients in fetuses and neonates (reviewed by Nicklin et al. 21 ). These studies led to technical progress mainly in steady-state NIRS and frequency-domain NIRS.
To take part in the improvement of the measurement of endogenous chromophores, we have chosen to strengthen the temporal method device by using ultrafast detection of optical signals coupled with a femtosecond white laser. 22 This provides a multiwavelength analysis on a broad continuous spectral window without scanning. The large number of wavelengths provided by the white laser promises better accuracy in the determination of oxygenation by fitting all the spectra of the different hemoglobins. Moreover, it should give some access to other chromophores of interest, such as cytochromes. The optical system has already been validated in a homogeneous optical phantom 23 and for real-time in vivo measurements of the rat brain's optical properties, invasively 24 and noninvasively. 22, 23, 25 According to the observed need for developing a method to permit the noninvasive quantification of direct indices of brain activity of songbirds, we have chosen to make real-time in vivo measurements of the optical properties of the brain of a songbird, the zebra finch (Taeniopygia guttata). Because it represents a model system in comparative neurobiology for the study of the neural basis of sound perception and discrimination, this bird will be of great interest for further investigations of variations in brain oxygenation in response to acoustic stimuli. In particular, the brain region of the caudal nidopallium (see Ref. 26 for the nomenclature of the avian brain and Fig. 1 for an approximate location in the songbird's brain) has been implicated in the acoustic processing of vocalizations and is assumed to play a major role in the mammalian neocortexlike cognitive functions of the avian pallium. 26 We describe in this paper the measurement of the optical properties of the zebra finch's caudal nidopallium. The results of the present study constitute the basis of our next investigations about variations in brain oxygenation during sound processing by songbirds.
Materials and Methods

A. Preparation of the Animals and Positioning of the Fiber Probes
This study is based on experiments performed on four female zebra finches (20 g body weight). These birds were bred in our aviary (12 h light-12 h dark photoperiod with adapted wavelengths; food and water ad libitum; temperature 23°C to 25°C). The experimental protocols have been approved by the animal care committee of the Université Jean Monnet.
Animals with the feathers previously plucked from their heads (three days before the experiments) are anesthetized in an isoflurane chamber (3%, at a flow rate of 900 mL͞min). The head of the bird is fixed in a stereotaxic frame (Stoelting Company) adapted for birds. The birds are kept anesthetized and breathing spontaneously through an isoflurane mask (2%, at a flow rate of 600 mL͞min). The body temperature is kept constant at 39°C by a feedback-controlled heating pad. All birds have had free access to food and water before anesthesia. For head transillumination, optical fibers (core diameter, 400 m; numerical aperture, 0.4; length, 30 cm) are fixed into stereotaxic manipulators (Stoelting Company) and placed on the skin of the animal.
To position the optical fibers, we need stereotaxic references. Classic avian stereotaxy suggests the use of the two ears fixed with rods and the beak fixed in the mask. 27, 28 To our best knowledge no stereotaxic atlas has yet been published for the zebra finch. To monitor brain activity in the caudal nidopallium we have developed a precise and reproducible procedure for placing the optical fibers appropriately on the skin. The classic stereotaxic design with the head placed horizontally 29 or at 45°from the vertical axis of the stereotaxic instrument 28 is not well suited. Consequently, the head of the bird is turned until the beak (rostral extremity) is perpendicular to the body plane [ Fig. 1(a) ]. In contrast to what is usually found in atlases, we choose a new stereotaxic origin point (0,0,0): It corresponds to the intersection of the vertical plane passing through the interaural line (plane 0) and the sagittal suture. This is a convenient point because it is delineated by a precise and well-defined external visible bump [Figs. 1(a) and 1(c)]. The stereotaxic axes are chosen in relation to this origin point [ Fig. 1(c) ]: X corresponds to the axis of the interaural line, Y corresponds to the axis of the sagittal suture, and Z is normal to Y and X. To localize the caudal nidopallium according to our new stereotaxic origin point we obtain a sagittal section of an entire bird's head, previously fixed with formaldehyde, with a fine band saw. This section [ Fig. 1(b) ], localized at 300 m of the sagittal midline, shows that the caudal part of the head of the bird is quasi-spherical, with a diameter of 15 mm, and allows us to observe anatomical internal references [ Fig. 1(b) ]: the axis of the top jaw, the longitudinal axis of the cerebellum, and the ventral side of the brain. The caudal nidopallium can be related to the origin point (0,0,0). The positions of the two fibers (source and collection fibers) are chosen consequently for optimal optical probing of the caudal nidopallium of the right-hand hemisphere and minimize the absorption of light that is due to the sagittal venous sinus, the cerebellum, and the higher skull thickness in the caudal part above the cerebellum. The head volume probed by the light depends greatly on this positioning. Numerical simulations based on a steady-state analytical closed-form Green's function 30 for a semi-infinite geometry show that the distance between the two fibers must be fixed to ϳ5 mm to facilitate wide probing of the caudal nidopallium. The first optical fiber (F1) guides the white laser on the head. It is placed closer to the rostrum than the second optical fiber (F2), which collects the light after propagation through the head [Figs. 1(a) and 1(c)]. Fig. 1(b) ].
Each of the four animals is exposed to the laser light for 30 min under anesthesia. During this time, baseline optical parameters are acquired.
B. Broadband Femtosecond Time-Resolved Spectrometer Setup
The broadband spectroscopic device 31 is described in Fig. 2 . It is composed of an ultrafast white laser and a time-resolved spectrometer. This spectrotemporal apparatus is designed to perform a noninvasive quantitative determination of molecular concentrations in highly turbid media.
The laser source is a mode-locked Ti:sapphire oscillator (Coherent Model Vitesse XT; 820 nm, 50 fs) followed by a chirped pulse amplifier (Thales Model Alpha 1000). After the compression stage the system produces 0.5 mJ-170 fs pulses (FWHM autocorrelator pulse check-pulse scope) at a repetition rate of 1 kHz. The pump beam is focused into pure water (focal length, 21 cm), which generates a 250 mW white-light continuum 32 (Coherent powermeter used for power integration on all the emitted wave- Fig. 2 . Experimental setup for bird head transillumination. After chirped pulse amplification (CPA), a white-light continuum is generated and injected into the bird's head via an optical fiber. Another optical fiber collects the propagated light and leads it toward a broadband time-resolved spectrometer, which is composed of a polychromator and a single-shot streak camera. lengths). This broadband source extends 500 nm, from 450 to 950 nm. 33 An optical-density filter attenuates the light below 1 mW at the fiber output to prevent tissue damage and detector saturation. Finally the light is injected into an optical fiber (core diameter, 400 m; numerical aperture, 0.4; length, 30 cm) for brain transillumination measurements. In this way the tissues are illuminated with a 10 J mm Ϫ2 pulse energy. The threshold energy leading to tissue hemorrhage was evaluated, 34 and its magnitude is 100 J mm Ϫ2 for the same type of pulse (100 fs, 1 kHz, 800 nm). After propagation through the bird's head, the light is collected by an identical optical fiber and led toward a time-resolved spectrometer. Its main component is a single-shot streak camera (Hamamatsu Streakscope C4334). This camera measures the time of propagation of the photons through tissues with 4 ps time resolution per pixel during 1.921 ns. A polychromator (270M, Spex JobinYvon) disperses the light before the camera to facilitate spectral analysis. We acquire the instrumental response function (IRF) before and after the experiment (Fig. 3) by measuring the white laser with the time-resolved spectrometer. This gives the characteristics of the apparatus, which are used for image processing. Figures 4 and 5 show that the detection system has a 176 nm spectral window width from 672.5 to 845.3 nm and a temporal resolution of 25 ps. This temporal resolution is the resolution of the alltime-resolved spectrometer that takes into account the time response of the camera and the triggering fluctuation of the photodiode used to synchronize the camera on laser pulses.
C. Image Processing
Each frame of the streak camera integrates 33 laser pulses owing to the 33 ms CCD integration time. A first step in image processing identifies SPE events generated by impacts of photons on the photocathode. 35 Depending on the temporal sampling, series of frames are summed and yield a stack of spectrotemporal images.
The 30 min baseline measurements of each bird are split up and integrated into three successive images. They undergo image processing to extract the wavelength-dependent reduced scattering coefficient and absorption coefficient. In biophotonics, the diffusion approximation of the radiative transport equation is the common theory used. Improved analytical solutions for time-resolved reflectance have been published for semi-infinite geometry and adapted optical boundary conditions (mixed Dirichlet-Neuman conditions). 30 The medium is assumed to exhibit homogeneous absorption and scattering properties. The analytical solution is convoluted with the instrumental response function. The spectrotemporal images of the brain through the skin and the skull are integrated over 8.8 nm on the spectral range from 672.5 to 845.3 nm. This yields 20 temporal profiles, called temporal point-spread functions, on which nonlinear fitting algorithms are applied to extract a and s Ј. 36 Therefore each streak camera image gives 20 pairs of wavelength-dependent optical coefficients, which contain the information about the scatterer and absorber concentrations. With four birds and 3 min of measurement per bird, we get 12 measurements of the two optical coefficients as a function of wavelength.
Results and Discussion
A. Optical Coefficients of the Head of the Zebra Finch
The mean optical coefficients of the head of the bird are obtained from the whole 30 min of measurements. Figure 6 presents one of the 12 time-resolved spectroscopic images acquired. From the gray scale, each vertical line of this image gives the number of SPEs integrated by the camera for a given wavelength as a function of time. A first comparison of the SPE temporal distribution with the instrumental response function (Fig. 3) shows that tissues are highly scattering media. After image processing, we get the optical coefficients of the 12 measurements of the caudal nidopallium region through skin and skull as functions of wavelength. The measured reduced scattering and absorption coefficients are shown in Figs. 7 and 8, respectively, in each case with the mean and the standard deviation over the 12 measurements. Mean absorption coefficient a and its standard deviation range from 0.063 Ϯ 0.003 to 0.118 Ϯ 0.011 mm Ϫ1 ͑͗a͘ ϭ 0.083 mm
Ϫ1
͒ as function of wavelength. The mean reduced scattering coefficient, sЈ, and its standard deviation are 4.857 Ϯ 0.120 mm Ϫ1 for the spectral window under study. The standard deviation is ϳ5.4% of the absorption coefficient value and ϳ2.5% of the reduced scattering coefficient value. These values fall within the usual range of brain optical properties. 20, 23, [37] [38] [39] [40] The measured reduced scattering coefficient is ϳ50 times higher than the absorption coefficient, which confirms that nidopallium tissues are highly scattering media and shows how difficult it is to extract local information on their absorption properties. This high ratio is in agreement with the diffusion approximation used to simplify the radiative transport equation.
Each of the 12 measurements is obtained by the processing of images built with 10 min integration time of the measurement. This integration time was chosen to produce the best temporal point-spread functions and so reduce the fitting errors that are due to experimental fluctuations. With the laser intensity Fig. 6 . Typical streak-camera image of a bird's brain. The interfiber distance is 5 mm. The X axis of the image corresponds to a spectral window from 672.5 to 845.3 nm. The Y axis is a deflection time with a full scale of 1.921 ns. The gray level of the Z axis gives the number of SPE counts for each pixel. Fig. 7 . Spectra of homogenized reduced scattering coefficients of a zebra finch head. Three measurements for each of the four birds in the experiment are presented as lighter curves. The darker curve gives the mean and the standard deviation calculated from these 12 measurements. Fig. 8 . Spectra of homogenized absorption coefficients of a zebra finch head. Three measurements for each of the four birds in the experiment are presented as lighter curves. The darker curve gives the mean and the standard deviation calculated from these 12 measurements.
used and the sensitivity of the camera, we are able to extract the optical coefficients with acquisition times of a few tens of seconds.
B. Validity of the Approach
According to our optical design, we chose a head position that allowed good optical probing of the caudal part of the bird's brain, with a minimum depth to reach the caudal nidopallium, and an orientation of the fiber-fiber axis to minimize the absorption of the venous sinus and of the cerebellum area. Because optical studies often suffer from limitations caused by poor spatial resolution and a simplified model for the propagation of light, several issues about our study have to be discussed. The first issue concerns the tissues probed by the light. Knowledge of the optical coefficients (͗sЈ͘ ϭ 4.857 mm
Ϫ1
, ͗a͘ ϭ 0.083 mm Ϫ1 ) allows us to make an estimation of the probed brain volume and probed brain structures. Rough computations based on simple models of propagation of light in a homogeneous medium 30 show that 90% of the collected light has probed a tissue volume of 50 mm 3 . This volume fits in a box with XYZ dimensions of 4 mm ϫ 6 mm ϫ 3 mm ͑⌬X ϫ ⌬Y ϫ ⌬Z͒ centered on the two fibers. A Monte Carlo approach with adequate boundary conditions and with the effects of the ventricle and the cerebellum taken into account will yield greater precision. This method will lead to a more-precise computation of the probed volume and to a more precise model for the choice of distance between the two fibers in the case of small animals; this computation is postponed to future research. Finally, comparison with histological unpublished data has shown that the probed tissues are mainly the hippocampus and the caudal nidopallium. The same computations show that less than 1% of the collected light has probed the venous sinus and that less than 15% has probed the cerebellum. Although this information must be used in the most careful way in the mathematical models, it shows that the chosen fiber positioning is correct for probing the caudal nidopallium of the right-hand hemisphere and avoiding the main inhomogeneous brain areas.
To retrieve the optical coefficients from the measurements, we used the classic solution of the diffusion equation for a semi-infinite medium. Histological observations show that the head of the zebra finch has a spherical geometry with a 15 mm diameter, far from a simple semi-infinite geometry. The interfiber distance is ϳ1͞3 of this diameter. For data processing we chose the semi-infinite model because in spherical coordinates the time-dependent Helmholtz equation is complex and no closed-form solution of this equation is known. 36 An analytical closed-form expression and numerical solutions for sphere geometry are in progress. At present, the use of the semi-infinite geometry analytical solution is still required for a fast fitting procedure, and the spectra of the optical coefficients obtained in this way are a reliable and reproducible result.
For image processing we need to gauge the homogeneity of tissues. The bird's head is obviously not homogeneous, and the laser light crosses complex layered structures with different optical properties. Unpublished histological studies show that, before reaching the caudal nidopallium, the light encounters dented weak-scattering skin, an air-filled scattering skull, and absorbing meningia. The caudal nidopallium and the surrounding tissues (mainly hippocampus) can be considered optically homogeneous, except at the ventricle location separating the hippocampus and the nidopallium in terms of vascularization and tissue structure. These layered structures could alter the measured scattering coefficient and absorption coefficient of the zebra finch's head. For example, the refractive-index changes induce Fresnel reflection at layer interfaces. Thus the amount of transmitted light at a long distance could be reduced, which would cause an increase in the apparent homogenized absorption in the simple model used. Solutions of the diffusion equation are valid only when the distances between the source and the detector are greater than several mean free paths. For the measurements presented, the mean free path is 1͞sЈ ϭ 0.2 mm. Thus the solutions of the diffusion equation for measurements of the head of a small bird with an interfiber distance of 5 mm are used at the limit of the mathematical model. Monte Carlo computations of the inverse problem could allow us to improve the validity of the optical coefficients extracted from measurements. Moreover, they could allow us to reach smaller distances between the source and the detector to investigate in a small animal the optical effects of scalp and skull in comparison with the effect of brain tissue, as has been done in human beings. 18 A multilayer model that takes these special boundary conditions into account will be developed specifically for the songbird to yield a better estimation of the optical coefficients as well as Monte Carlo simulations. Complementary investigations of the optical properties of a bird's brain with the skin and the skull removed are needed for the conclusion of our study of the optical effects of these layers.
Experimental absorption coefficients could allow the CBV and the S t O 2 of the head of a zebra finch to be estimated, but complementary physiological data, for instance, on hemoglobin spectra and blood hemoglobin concentrations in the zebra finch, are needed. Indeed, birds' hematological components, such as nucleated red blood cells, lead us to believe that particularities exist in their optical blood as they do in mammals. Moreover, a better knowledge of bird hematology will allow us to take full advantage of our broadband optical method: The large number of wavelengths provided by a white laser will give us more accuracy in the determination of S t O 2 and some access to other chromophores such as cytochromes.
Conclusions
We have reported what are to our knowledge the first measurements of optical properties of the head of a songbird, the zebra finch. It remains to be explored whether our multiwavelength approach can permit greater precision in the measurement of endogenous chromophores and whether our broadband timeresolved NIRS method can measure variations of songbird brain oxygenation linked to local hemoglobin oxygen saturation levels and to CBV. An obligatory first step is to investigate changes in broadband time-resolved NIRS signals in a physiological challenge known to induce a standard oximetric response in the brain. For instance, a 7% CO 2 hypercapnic challenge is known to induce a standard CBV and S t O 2 response, which should be detected by our NIRS design to confirm its potential for the monitoring of brain oxygenation in songbirds. We are working on improving the signal-to-noise ratio to reach the possibility of following real-time biological events such as hypercapnia. Preliminary results let us expect success in following biological events with more than 10 wavelengths and below a sampling rate of 1 s. Complementary studies with other methods that follow brain hemodynamic responses, such as MRI, are needed to improve our design for songbirds. Moreover, the experimental methods and the mathematical models used to retrieve optical coefficients must be tailored more to birds' particularities.
This study is the basis of optical in vivo and noninvasive measurements of cerebral action in response to focal phenomena as to well-defined sensory stimuli. The caudomedial nidopallium, one center of the caudal nidopallium implicated in auditory stimuli processing, 4, 41, 42 is specifically activated by a significant acoustic stimulus, such as a conspecific song. We expect to find some local variations of hemoglobin oxygen saturation levels and CBVs in the caudal nidopallium that could be reflected by modifications of optical properties. These real-time optical measurements in response to sensory stimuli are the next step in our research.
